A monoclonal antibody against prostate stem cell antigen (PSCA) has emerged as a novel cancer therapy currently being tested in clinical trials for prostate and pancreatic cancers, but this treatment is likely to be efficient only in patients with PSCAexpressing tumors. The present study demonstrates that a genetic variant (rs2294008) discovered by bladder cancer genome-wide association studies is a strong predictor of PSCA protein expression in bladder tumors, as measured by two-sided multivariable linear regression (P = 6.46 × 10 −11 ; n = 278). The association pattern is similar in non-muscle-invasive tumors, stages Ta (P = 3.10 × 10 −5 ; n = 173) and T1 (P = 2.64 × 10 −5 ; n = 60), and muscle-invasive tumors, stages T2 (P =.01; n = 23) and T3/4 (P =.03; n = 22). The study suggests that anti-PSCA immunotherapy might be beneficial for bladder cancer patients with high tumor PSCA expression, which is statistically significantly associated with the presence of CT and TT genotypes of a common genetic variant, rs2294008. Future clinical studies will be needed to validate PSCA as a therapeutic target for bladder cancer.
Genome-wide association studies have discovered genetic variants associated with many cancer types (1) . It is anticipated that these findings will help improve understanding of disease mechanisms and lead to novel translational applications. Bladder cancer genome-wide association studies identified a single nucleotide polymorphism, rs2294008, within the PSCA gene (2, 3) . PSCA is a cell-surface, glycosylphosphatidylinositol-anchored protein expressed in various cancers (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) ; however, its biological role in normal and cancer conditions remains unclear. PSCA antibody-based immunotherapy is currently being used in clinical trials for prostate and pancreatic cancers (15) (16) (17) (18) (19) (20) . In this article, we suggest PSCA as a candidate drug target for bladder cancer as well.
Previously, we found increased PSCA mRNA expression in bladder tumors and, specifically, in the presence of the risk T allele of rs2294008 (21) . Now we have discovered an additional effect associated with rs2294008-an allelic expression imbalance, which is a deviation from an expected 50%:50% allelic ratio in heterozygous transcribed single nucleotide polymorphisms. We performed RNA sequencing of six normal and six tumor bladder tissues, and validation studies in 14 normal and 13 tumor bladder tissue samples heterozygous for rs2294008 ( Figure 1 , A-D; Supplementary Methods, available online). We quantified rs2294008 T and C alleles in DNA and cDNA samples and calculated an average tumor:normal (T:N) ratio. In DNA samples the T:N ratio was close to 1.0 and similar for both alleles (Figure 1, D ; Supplementary Table 1 , available online), suggesting no difference in DNA copy number variation between normal and tumor tissues within the PSCA gene. This is an important conclusion because PSCA is located in 8q24.3 region and relatively close (12 Mb) to MYC oncogene in 8q24.21 region, which is reported to be amplified in many cancers (22) (23) (24) . Thus, our results do not support the involvement of PSCA in differential genomic amplification in bladder tumors. In cDNA of tumors compared with normal tissue, we detected a notable increase of T allele expression (T:N ratio = 1.48; P = 1.26 × 10 Table 2 , available online). Importantly, the observed allelic expression imbalance in bladder tumors could result from decreased expression of transcripts with nonrisk C allele and/or from increased expression of transcripts with risk T allele of rs2294008.
Next, we evaluated the effect of rs2294008 on PSCA protein expression. The risk T allele of rs2294008 creates a novel alternative translation start site, extending the leader peptide from 11 to 20 amino acids, which might affect the efficiency of PSCA post-translational processing and cell surface expression. To test this hypothesis, we performed fluorescence activated cell sorter analysis in HeLa cells transfected with the allelic PSCA expression constructs (Supplementary Methods, available online). We observed stronger surface PSCA expression in cells transfected with PSCA-T construct compared with those transfected with PSCA-C construct (P = 2.25 × 10 −4
) and with a mockcontrol (P = 2.55 × 10 −4 ) (Figure 2 , A). An immunohistochemistry analysis in a pilot set of matching pairs of bladder tumor-normal tissue samples (5 pairs with TT and 5 pairs with CC genotype of rs2294008) supported our RNA sequencing and allelic expression imbalance results. In samples with risk TT genotypes, PSCA was expressed even in normal tissues, whereas in samples with nonrisk CC genotypes, there was low or no PSCA expression and tumor (n = 1) bladder tissue samples heterozygous for rs2294008. PSCA exon structure, level of mRNA expression, and location of transcribed heterozygous genetic variants are shown. B) Summary of AEI analysis in RNA sequencing of normal (n = 6) and tumor (n = 6) bladder tissue samples. Numbers of samples heterozygous for each of the transcribed single nucleotide polymorphisms (SNPs) within PSCA and surrounding genes, JRK and LY6K, are indicated in parenthesis. Strong AEI is suggested by the 90%:10% allelic ratio for 11 heterozygous transcribed variants within PSCA but not for variants within JRK and LY6K, which showed the expected 50%:50% allelic ratio. C) Linkage disequilibrium plot for 16 SNPs from JRK, PSCA, and Ly6K genes included in the AEI analysis. The PSCA variants with strong AEI are strongly correlated, as indicated by high pair-wise r 2 values (black shading on plot), calculated based on 3532 case patients and 5120 control subjects of European ancestry from the bladder cancer genomewide association studies (21) . D) Different sample types (DNA, cDNA, C and T alleles of rs2294008) are marked by circles, squares and triangles. Red bars mark mean values within each sample group. A grey line at the T:N allelic ratio "1" indicates allelic expression balance, whereas significant deviations from this line indicate allelic expression imbalance. Results of AEI measured by a TaqMan allele-specific expression/genotyping assay in DNA and cDNA from 14 normal and 13 tumor bladder tissue samples heterozygous for rs2294008. The analysis shows that AEI is detected in cDNA but not DNA samples. The Tumor:Normal expression ratio indicates increased expression of risk T allele, whereas decreased expression on nonrisk C allele in tumors compared with normal tissue samples. shows mean values of three biological replicates with standard errors of the mean; P values are from a two-sided unpaired t test. Cell surface PSCA expression is statistically significantly increased in cells transfected with an expression construct carrying the risk T allele of rs2294008 compared with the construct with a nonrisk C allele of rs2294008 and mock control, which also shows negligible endogenous level of PSCA expression in HeLa cells. NS = not statistically significant. B) Immunohistochemistry (IHC) analysis of PSCA expression using bladder tumor tissue microarrays. Representative images are from groups of samples stratified by rs2294008 genotypes (CC, CT, TT) and tumor stages-non-muscleinvasive tumors (stages Ta and T1) and muscle-invasive tumors (stages T2-T4). PSCA expression was detected with 1G8 anti-PSCA monoclonal antibody (brown staining) and scored as 0 (negative), 1 (weak), 2 (moderate), and 3 (strong), based on overall intensity. Scale bar corresponds to 0.1 mm, and all images are presented in the same scale. C) Association between PSCA IHC scores and rs2294008 genotypes, stratified by tumor stage (left panel) or, for tumor stages, stratified by rs2294008 genotypes (right panel). PSCA IHC scores are shown as mean values with standard errors; two-sided P* values were estimated from multivariable linear models, assuming additive genetic effect of rs2294008, adjusted for age, sex, study site, and smoking status (ever or never). Single nucleotide polymorphism rs2294008 was found to be the strongest predictor for PSCA expression, regardless of all other factors tested, such as age, sex, smoking status, and tumor grade and stage. even in tumors (Supplementary Figure 1,  A, available online) . A validation immunohistochemistry analysis was performed in an additional set of 278 bladder tumors obtained from patients enrolled in the New England Bladder Cancer study (Figure 2,  B) . Genotype of rs2294008 was strongly associated with PSCA protein expression, as measured by two-sided multivariable linear regression (P = 6.46 × 10 −11 ) (Figure 2,  C; Supplementary Table 3 , available online). The pattern for rs2294008 association was similar in non-muscle-invasive (stages Ta ) (Figure 2, C) . We found that this effect was due to decreased expression of non-risk C allele (P =.02 in CC group and P =.06 in CT group), whereas PSCA expression of risk T allele was not associated with tumor staging (P =.63) (Figure 2 , C). Together with allelic expression imbalance data in mRNA samples, these results reiterate functional changes on PSCA mRNA and protein expression reflected in both gain of T allele and loss of C allele of rs2294008 in bladder tumors compared with normal tissue and during progression through tumor stages.
The PSCA function and the mechanism of the anti-PSCA antibody remain unclear. PSCA might be functionally involved in oncogenic development (5, (27) (28) (29) (30) (31) (32) , cause differential immune response (14) , or mark some specific cell populations. Although there are several reports on genetic association of rs2294008 with bladder, gastric, duodenal, and breast cancers (2, 3, 14, 21, (33) (34) (35) (36) (37) (38) (39) (40) , little data is available for relationships between rs2294008 and PSCA expression in different tissue types (21, 39) . Our study is a unique and detailed investigation of the allele-specific effects of rs2294008 on PSCA mRNA and protein expression in bladder tissue.
Up to 75% of bladder cancer patients of European descent are estimated to carry the risk rs2294008 CT and TT genotypes. Possibly, if used at early cancer stages (Ta and T1), anti-PSCA immunotherapy might prevent progression to advanced muscleinvasive cancer, a devastating disease that is treated by radical bladder cystectomy together with removal of parts of surrounding organs and lymph nodes to prevent metastasis.
A limitation of our study is that we only studied samples from patients of European ancestry. Similar studies should be performed in other population groups. The systemic delivery of this treatment in non-muscle-invasive tumors might be limited because of lower vascularization of these tumors. Alternative approaches may include intravesical administration of the anti-PSCA antibody and/or its conjugation with other bioactive molecules to enhance treatment efficiency and facilitate bladder tumor-specific drug delivery. This is one of the first studies to show direct translational implications of a genetic variant identified through genomewide association studies for common cancers. Clinical trials are warranted in order to validate PSCA as a therapeutic target in bladder cancer and rs2294008 as a predictive marker for treatment response. 
